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The solution and X-ray structures of the 1gG-binding domains
of streptococcal protein G are described and compared. Each
domain comprises a core of 56 residues and exhibits extreme
thermal stability (~90°C), despite the absence of any disulfide
bridges. The structure has an unusual fold comprising a four-
stranded §-sheet with a —1, +3x, —1 topology on top of which
lies an a-helix. The central two strands, comprising the N- and
C-termini, are parallel; the outer two strands, which are anti-
paraliel to the inner strands, are connected by the helix in a +3x
crossover. This fold is also found in ubiquitin, a protein with no
sequence similarity or functional relationship to the IgG-binding
domains of protein G. The thermal stability of the domains can
be accounted for by the unusual topology, coupled with an ex-
tensive hydrogen bonding network and a tightly packed and bur-
ied hydrophobic core. Possible sites of interaction with IgG are

discussed in the light of the structure. « 1993 Academic Press, inc.

Protein G is a large multidomain cell surface protein
of group G Streptococcus which is thought to help the
organism evade the host defenses via unique protein-
binding properties (1). A repeating 55-residue domain
binds to immunoglobulin G and to a,-macroglobulin, a
major protease inhibitor of human plasma (1). There are
two such repeats in protein G from strain GX7809 and
three for the protein from strain GX7805, and the se-
quence identity between the various repeats is greater
than 90% (1). Microcalorimetry of single domains, known
as Bl and B2, reveals extreme thermal stability, with
melting temperatures of 87 and 79°C, respectively (2, 3).
Further, the unfolding transition on urea gradient gel
electrophoresis cannot be observed in full as the protein
remains native up to ~8 M urea (2, 4). These features
are highly unusual considering the small size of the do-
main and the absence of any disulfide bridges or tightly
bound prosthetic group. The potential importance of the
IgG-binding domains of protein G as analytical tools
in immunology, together with their extreme stability,
has led to a variety of structural and physicochemical
studies (2-10).
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To shed light on the remarkable properties of this pro-
tein, as well as the interaction with immunoglobulins, we
have determined high-resolution structures of two IgG-
binding domains of protein G, using NMR spectroscopy
for the B1 domain and X-ray crystallography for the B2
domain (2, 8). The B1 domain comprises 56 residues, while
our version of B2 has 13 residues preceding the 56-residue
B2 domain and 14 residues following it, resulting in a
total of 83 residues. Within the 56 residues, B1 and B2
differ in amino acid sequence at six positions: Ile-6 —
Val, Leu-7 — Ile, Glu-19 = Lys, Ala-24 — Glu, Val-29
— Ala, and Glu-42 — Val. A comparison of the primary
sequences for the B1 and B2 domains is given in Fig. 1.

SOLUTION STRUCTURE OF THE B1 DOMAIN
OF PROTEIN G

The structure of the Bl domain comprises a four-
stranded -sheet made up of two antiparallel 8-hairpins
connected by an «-helix (Figs. 2 and 4A). The topology
of the sheet (—1, +3x, —1) is highly unusual: namely, the
two central strands of the sheet, 81 (residues 1-8) and 34
(residues 50-56), are parallel; while two outer strands, 32
(residues 13-20) and 33 (residues 42-47), are antiparallel
to 81 and f4, respectively. Strands 81 and 82 are con-
nected by a type I turn (residues 9-12), while strands 33
and 34 are connected by an unusual 6-residue turn from
residues 46 to 51 in which Lys-50 has a positive ¢ angle
of ~50° in the left-handed helical region of the Rama-
chandran plot. The two outer strands, 82 and 33, of the
sheet are connected via a long helix (residues 22-37) and
a short extended structure (residues 38-41). The long axis
of the helix lies at ~140° to the axes of 82 and 3. In
addition to the characteristic CO(i)-NH(i + 4) hydrogen
bonds found in a-helices, the helix also displays a number
of bifurcating CO(i)-NH(i + 3) hydrogen bonds. Further,
the last 5 residues are tightened into a 3-10 helix char-
acterized exclusively by two CO(i)-NH(i + 3) hydrogen
bonds.
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What features of the structure could be responsible for
the unusually high thermal stability of this small protein
domain? First, the involvement of nearly all residues in
regular secondary structure ensures a large number of
stabilizing hydrogen bonds (Fig. 3). There are a total of
45 hydrogen bonds; 41 are backbone-backbone, 3 side
chain-backbone, and 1 side chain-side chain. Over 60%
of the backbone donor and acceptor groups (38 backbone
amides and 36 backbone carbonyls) participate in hydro-
gen bonding. The side chain-backbone hydrogen bonds
between the carboxylate of Asp-22 and the NH of Thr-
25, the side-chain amide of Asn-37 and the carbonyl of
Tyr-33, and the carboxylate of Asp-46 and the NH of Ala-
48 stabilize and cap the first and last turns of the helix
and the turn between 83 and 4, respectively (Fig. 3). In
addition, there is one side chain-side chain hydrogen bond
in which the OgH atom of Tyr-3 donates a hydrogen bond
to the On atom of Tyr-45.

Second, the interior of the protein is highly hydropho-
bic, while the exterior is very hydrophilic. This is asso-
ciated with a large negative solvation free energy of folding
(11) of —55 + 2 kcal - mol~!. This value is comparable to
that for another small and very stable protein, bovine
pancreatic trypsin inhibitor, and is ~15% more negative
than the predicted SFE for a protein of this size (12).
Nine hydrophobic residues (Leu-5, Leu-7, Gly-9, Ala-26,
Phe-30, Ala-34, Val-39, Phe-52, and Val-54) are com-
pletely buried, with surface accessibilities less than 0.5
A? and only five hydrophobic residues (Ile-6, Val-21, Ala-
24, Val-29, and Ala-48) are significantly exposed to sol-
vent. The helix itself constitutes a perfect example of an
amphiphilic helix. The packing of the internal side chains
is illustrated in Fig. 4B. The aromatic rings are packed
approximately orthogonally to each other. Leu-5 interacts
with Phe-30, Trp-43, and Phe-52, Leu-7 with Trp-43 and
Tyr-33, and Leu-12 with Val-39 and Trp-43. The hydro-
philic functional groups of the polar aromatics (Tyr-3,
Trp-43, and Tyr-45) and threonine residues (Thr-16 and
Thr-18) located on the inside surfaces of the sheet and
helix are directed toward solvent, while their hydrophobic
portion is directed toward the interior and constitutes
part of the hydrophobic core. Thus, the methyl groups of
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FIG. 1. Amino acid sequences of the streptococcal protein G Bl and

B2 domains. Differences are highlighted in boldface.

Thr-16 and Thr-18 interact with Leu-5 and Tyr-3, re-
spectively, while the aromatic rings of Trp-43 and Tyr-
45 interact with the methyl groups of Val-54 and the ar-
omatic ring of Phe-52, respectively. In this regard, it
should also be noted that these residues are located either
on the outer strands (Thr-16 and Thr-18 in 382, and Trp-
43 and Tyr-45 in 33) or at the beginning of a strand (Tyr-
3 in B1). The exposed surfaces of the sheet and helix are
made up of positively charged Lys residues, negatively
charged Glu and Asp residues, and polar Asn, Gin, and
Thr residues. Interestingly, the solvent-exposed surface
of the sheet has a large preponderance of Thr residues.

X-RAY STRUCTURE OF THE B2 DOMAIN OF
PROTEIN G AND COMPARISON WITH THE
SOLUTION STRUCTURE OF B1 DOMAIN

The X-ray structure of the B2 domain was determined
at 1.67 A resolution using a combination of single iso-
morphous replacement phasing and manual fitting of the
coordinates of the solution NMR structure of the B1 do-
main (8). The overall fold of the central 56 residues is
identical to that of the B1 domain, with the electron den-
sity at each end of the chain of the protein fading into
disorder. The fact that the N- and C-termini are disor-
dered in the crystal is also reflected in the high values for
the B factors in these regions which increase as one moves
away from the core domain.

A comparison of the structures for residues 1-56 of B1
with residues 14-69 of B2 (Fig. 5) yields an atomic rms

FIG. 2. Schematic ribbon representation of the polypeptide fold of
the B1 domain.
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coordinate shift of 1.1 A for the backbone atoms and 1.7
A for all atoms. The largest differences between the two
structures are seen around residues 11(24), 36(49), and
48(61). Thr-11(24) is in the turn between §-strand 1 and
B-strand 2. Asp-36(49) is the one but last residue in the
a-helix and is in close proximity to Thr-11(24). Ala-48(61)
is located in the turn between §-strands 3 and 4. All these
residues are close to five intermolecular hydrogen bonds
between B-strand 2 of one molecule and 8-strand 3 of a
symmetry-related molecule in the crystal lattice, which
contains an extended 3-sheet running through the entire
crystal.

The «-helix is rotated ~10° in the X-ray structure
compared to the NMR structure, rendering it slightly
more parallel to the 3-strands of the sheet. This rota-
tion affects residues 19(32) to 37(50) and it may be
worth pointing out that three of the six residues that
differ in the B1 and B2 domains are located in this part
of the structure. As with the other differences seen be-
tween the NMR and X-ray structures, the a-helix ro-
tation can be explained by crystal packing interactions
since the side chain of Glu-37 in the B2 domain is in-
volved in a hydrogen bond with the side chain of Thr-
10 of a symmetry-related molecule in the crystal lattice.
In the B1 domain, the equivalent residue is Ala-24,
which clearly cannot participate in such an interac-
tion.
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FIG. 3. Diagrammatic representation of hydrogen bonding within the
B1 domain.

STRUCTURAL SIMILARITY OF THE IgG-
BINDING DOMAINS OF PROTEIN G AND
UBIQUITIN

An unexpected structural similarity between the IgG-
binding domains of protein G and ubiquitin has been ob-
served (13, 14). The topology of the fold in both proteins
is very similar, with ubiquitin containing a short addi-
tional 8-strand in the sheet and the helix running at a
slightly more tilted angle. Indeed, a least-squares best
match between the B1 domain of protein G and ubiquitin
reveals that 41 residues of the two proteins can be su-
perimposed with a backbone rms value of 2.2 A (14). This
structural similarity is clearly surprising given the lack
of discernible amino acid sequence similarity. Like the
protein G domains, ubiquitin is an extremely stable mol-
ecule, and it may well be that this particular structural
motif represents a very robust folding unit which cannot
simply unfold from one of the two ends since both ends
of the polypeptide chain comprise the central strands of
the 3-sheet.

TIGHTLY BOUND WATER IN THE SOLUTION
STRUCTURE OF THE B1 DOMAIN OF
PROTEIN G

We also have identified two bound water molecules in
the solution structure of the B1 domain (15). Both bound
water molecules may contribute to the unusual stability
of this structure. As the lifetime of the bound water de-
tected in the NMR experiment is greater than about 1
ns, it is likely that the two bound water molecules par-
ticipate in a bifurcating hydrogen bonding network com-
prising a CO-NH hydrogen-bonded pair, such that the
water molecule accepts a hydrogen bond from the NH
proton and donates one to the carbonyl oxygen, with the
result that the amide proton is involved in a three-center
hydrogen bond. On the basis of the structure, one water
molecule participates in such an interaction with the Ala-
20(NH)-Met-1(CO) hydrogen-bonded pair at the begin-
ning of an antiparallel 8-sheet, and the other with the
Tyr-33(NH)-Val-29(CO) hydrogen-bonded pair in the
single a-helix. The latter, which is external and solvent
accessible, is associated with a distortion in the a-helix
centered around Tyr-33 and results in a significant in-
crease in the CO(i-4)-N(i) and CO(i-4)-NH(i) distances
relative to those in the rest of the helix, as well as a sig-
nificant departure in the ¢, Y angles of Tyr-33 relative to
regular helical geometry. Thus, water molecule W1 could
stabilize the 3-sheet at the N-terminus of the polypeptide
chain, while W2 may stabilize a distortion in the a-helix
around Tyr-33 arising as a consequence of the extremely
well-packed hydrophobic core. Such solvent-induced dis-
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FIG. 4. (A) Stereoview showing best fit superposition of the backbone (N, C?, C) atoms of the ensemble of 60 NMR structures of the Bi1 domain;
(B) stereoviews showing best fit superpositions of all atoms (excluding protons).
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tortions in a-helices have been previously noticed in crys-
tal structures and were postulated as possible folding in-
termediates for helical structures. The present observation
of this phenomenon in solution indicates, however, that
these water molecules are tightly bound and represent an
integral part of the protein framework. Interestingly, the
W2 water molecule is also observed in the crystal structure
of the B2 domain (8).

IDENTIFICATION OF SITES OF INTERACTION
WITH 1gG

Having structures for both the B1 and the B2 domains
in hand, we examined both structures for clues as to where
and how IgG binding occurs. The association constants
for the binding of IgG to the B1 and B2 domains of protein
G are 0.3 and 2.1 X 108 M7, respectively (16). In an at-
tempt to deduce which residues might be important for
binding, we compared the location and local conformation
around the six amino acid substitutions between the two
domains: Ile-6 — Val, Leu-7 — lle, Glu-19 — Lys, Ala-
24 — Glu, Val-29 — Ala, and Glu-42 — Val. Leu-7 is
completely buried and therefore cannot be involved in
binding. The other five residues, on the other hand, are
solvent accessible and hence potential contact residues:
in particular, Glu-19, Ala-24, and Val-29 are clustered
around the end of strand 82 and the beginning of the «-
helix, while Ile-6 and Glu-42 lie on the solvent-exposed

surface of the 8-sheet. Comparison of the structure of the
IgG-binding domain of staphylococcal protein A (17) with
that of protein G reveals no structural or sequence sim-
ilarity. In protein A two a-helices are involved in IgG
binding, and little similarity between these helices and
that of the protein G domains is observed apart from a
similar pattern of surface residue for helix 2 of protein A
and the protein G helix.

Competition binding studies using peptide fragments
derived from an IgG-binding domain of protein G have
implicated an 11-amino-acid region centered around the
loop connecting the a-helix to 8-strand 3 (Asn-35 to Tyr-
45) in IgGFc binding (18). One of the nonconservative
changes between the B1 and B2 domains of protein G is
located in this region, namely, Glu-42 — Val. It may
therefore be tempting to invoke this amino acid change
to account for the difference in binding affinities between
the B1 and B2 domains. In contrast, a recent crystal
structure of an IgG-binding domain of protein G com-
plexed with an Fab fragment reveals that 8-strand 2 and
to a lesser degree the end of the a-helix are the primary
regions of interaction with the constant heavy-chain
(Cyxl) domain of the Fab (10; see also Derrick and Wigley
(20), this issue). In this complex, the 8-sheet of the im-
munoglobulin is aligned in an antiparallel fashion with
that of the protein G domain, resulting in a contiguous
antiparallel 3-sheet. The interacting residues of the «-
helix in the protein G domain are Tyr-33 and Asn-37,
with the tyrosine side-chain hydroxyl donating a hydrogen
bond to a backbone carbonyl on the last 8-strand of the

FIG. 5. Superposition of residues 14-69 of the X-ray structure of the B2 domain (thick line) and residues 1-56 of the NMR structure of the

B1 domain (thin line). Residue numbering follows that of the B1 domain.
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Cul domain, and the asparagine side chain accepting a
hydrogen bond from a backbone amide. Both of these
residues are located in a region close to the one identified
by the peptide mapping studies (18). It is interesting to
note that the recognition of the Fab by the protein G
domain is mediated mainly by backbone interactions. This
may account for the observation that protein G binding
to Fab is rather weak compared to that with Fe (19). Thus,
the main site of IgG binding to protein G involves the F¢
portion of the molecule, and it is by no means clear that
the type of interaction found in the Fab complex is similar
to that in the Fc complex. In this regard it is worth point-
ing out that the same type of intermolecular contact,
namely, the formation of a contiguous 3-sheet, was also
found in the crystal structure of the B2 domain of protein
G alone. Thus, it may solely constitute a preferred non-
specific way of packing IgG-binding domains of protein
G with other 3-sheet domains in a crystal lattice. Further
characterization of the recognition between Fc and protein
G will necessitate structural studies of a protein G IgG-
binding domain-Fc¢ complex.
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